The genetic and morphologic similarities between primates and humans means that much information obtained from primates may be applied to humans, and vice versa. However, habitat loss, hunting and the continued presence of humans have a negative effect on the biology and behaviour of almost all nonhuman primates. Noninvasive methods such as stool collection are among the safest alternative ways to study the multiple aspects of the biology of primates. Many epidemiologic issues (e.g. pathogen detection, microbiota studies) may be easily studied using stool samples from primates. Primates are undoubtedly among the first candidates suspected of becoming the source of one of the next emerging epidemic of zoonotic origin, as has already been observed with HIV, malaria and monkeypox. The Institut Hospitalo-Universitaire Méditerranée Infection in Marseille actively participates in the study, mostly epidemiologic, of nonhuman primates, using mostly stool samples.
Introduction
In 1761, in Lyon, the founder of the first veterinary school in the world, Claude Bourgelat, declared, 'Knowing the intimacy of the relations that exist between the human machine and the animal machine, the veterinary sciences and the medical sciences can only enlighten and mutually improve each other' [1] . The concept of One Health is not new; in the last century it has been at the centre of the action led by great innovator and humanist Charles Mérieux. According to him, there are no boundaries between animal medicine and human medicine [2] . For 30 years, after a number of health emergencies (bovine spongiform encephalopathy, avian influenza, coronavirus infection), international organizations such as the World Health Organization, the World Organization for Animal Health and the Food and Agriculture Organization as well as the public have become aware of constant interactions between the environment (including animals and plants), climate and human populations, and their consequences for public health.
Domestic animals are reservoirs of zoonotic agents which are, for the most part, already known and for which the risks of transmission to humans are relatively controlled. This is not the case for wildlife, which, despite declining biodiversity, are important sources of unknown and potentially dangerous infectious agents when they cross the species barrier [3] . Nonhuman primates (NHPs) are the animals most genetically close to humans. We also share with NHPs a similar microbial flora. However, it is thought that they are frequently responsible for the emergence of new human infections. Primates represent an order of about 280 species of mammals, currently distributed in the intertropical zones of the planet. Mostly arboreal and frugivorous, though there are many exceptions, their decline is directly linked to the growing rate of deforestation. In fact, contacts between NHPs and humans have become more frequent than ever. The study of wild NHPs is therefore an important issue to understand and prevent future epidemics. The Institut Hospitalo-Universitaire (IHU) Médi-terranée Infection in Marseille, France, specializes in zoonotic and tropical infections, with NHPs being one of the major axes of research.
IHU collection of faecal samples from NHPs
Stool specimens from wild apes have been considered reliable samples for determining the presence of pathogens. This noninvasive detection of pathogens in endangered species opens up new possibilities in the molecular epidemiology and evolutionary analysis of infectious diseases.
In the early 2000s, D. Raoult, director of the IHU Médi-terranée Infection, began a collaboration with J.-P. Gonzalez, director of the International Center for Medical Research, in Gabon and then, with E. Delaporte (French Research Institute for Development, IRD, Montpellier-Yaoundé). These collaborations initiated the stool sample collection of IHU (reaching more than 1500 samples) which started out with chimpanzees and gorillas from Cameroon and Gabon, and bonobos from the Democratic Republic of Congo.
During the last 5 years, we have, in partnership with local institutions organized several field missions in Africa and the Amazon to collect faeces. In Senegal, the collection of faeces of green and red monkeys and baboons took place in the NiokoloKoba National Park and the Sine-Saloum region. At the Dindéfello reserve in southeastern Senegal, with the support of the Jane Goodall Foundation, we collected faeces from wild chimpanzees. In 2015, in Congo Brazzaville, we collaborated with the National Laboratory of Public Health (J. Akiana) and collected gorilla faeces at the Lésio-Louna-Léfini reserve, which were safeguarded by the Aspinall Foundation. In 2017, we began a collaboration with the Association of Friends of Bonobos, founded by C. André. This led to collections of bonobos faeces from the orphan reserve near Kinshasa, Democratic Republic of Congo, as well as the release site of bonobos in the rain forest in the Equator region. Finally, the faeces of wild hamadryas baboons from Saudi Arabia were also collected in collaboration with a Saudi microbiologist (E. Azhar).
When stool samples are taken from the wild, environmental contamination before and during sampling may occur. In order to minimize this bias, we collected only very fresh samples (within minutes after being emitted) and used single-use equipment.
All stool samples were imported from eight countries ( Fig. 1 ) to the IHU, either refrigerated or in alcohol or in a culture media ad hoc, per biosafety rules in application in European countries. For green monkeys and baboons, we could perform other types of sampling after capture of individuals in large traps and teleanesthesia. The collections of samples are therefore various: nasal, rectal, vaginal and oral swabs; collection of ectoparasites (lice, ticks, fleas); skin biopsy samples; and blood, saliva and semen samples. The collection of this type of invasive samples is not possible for great apes from an ethical point of view. Faecal sample collection (as well as necropsy, performed only rarely, and then on animals found dead) is the best approach to study the infectious diseases of great apes. Indeed, the IHU has a veterinary research centre. This centre possesses the material and human resources to intervene in the field in partnership with local institutions.
Targeted research of zoonotic agents
The rapid population growth in wooded tropical regions leads to rapid deforestation and the creation of large agricultural areas, mainly in sub-Saharan Africa. This anthropization of the environment stimulates closer contacts between NHPs and humans, which leads to the transmission of pathogens in both directions [4] . The great apes (bonobos, chimpanzees and gorillas) are relevant models of the porosity of the species barrier, enabling or preventing the transmission of microorganisms [5] ). The great apes have been identified as a direct source of some emergent pathogens in human populations [6] . The gorilla is the source of human infection with Plasmodium falciparum, the parasite responsible for the most common and virulent form of malaria [7, 8] . Several studies have shown that simian immunodeficiency virus infecting chimpanzees and gorillas can cross the species barrier. These viruses play a role in the origin of the modern HIV infection pandemic [9] . HIV and Plasmodium nucleic acids are often found in gorilla faeces. Studies performed at the IHU allowed us to document enzootic simian immunodeficiency virus infection in West African green monkeys Chlorocebus sabaeus (P. Colson, personal communication).
For Ebola virus, wild great apes can serve as intermediate amplifiers as well as sentinels, because they are susceptible to infection and die quickly [6] . NHPs can rarely transmit serious human diseases such as tuberculosis and rabies [10, 11] . The monkeypox virus is an emergent virus; high risk of dissemination may be linked to the increase in international transport [12] . However, many bacteria and parasites, including Streptococcus pneumoniae, Bacillus anthracis, Schistosoma mansoni and Necator americanus, may affect the great apes just as they affect us [13] [14] [15] . So far, Tropheryma whipplei has not been identified in NHP faeces [16] . To examine whether gorillas harbour Leishmania species, faecal samples from wild western lowland gorillas (Gorilla gorilla gorilla) of Cameroon were screened in the IHU lab [17] . Among the 91 samples analysed, 12 contained Leishmania parasites (molecular identity with L. major). Next, fluorescence in-situ hybridization was performed to visualize L. major parasites in faecal samples from the gorillas. Both promastigote and amastigote forms of the parasite were found. In our lab, for the first time also, Rickettsia felis was detected in wild-living ape faeces [18] .
During several expeditions in Senegal, IHU researchers were lucky to discover an enzootic outbreak of venereal treponematosis in Chlorocebus sabaeus and Papio papio baboons. It seems that this evidently venereal emerging outbreak followed the evolution of nonpathogenic or low-pathogenic strain of Treponema pallidum (Fribourg-Blanc) in West African NHPs [19] . This observation may be easily paralleled with the evolution of human syphilis.
Comparative study of microbiota of primates
A diverse range of pathogenic bacteria and/or eukaryotes infects NHPs as well as humans. Studying the microorganisms of the digestive tract of NHPs using stool samples allowed to obtain the most comprehensive diversity possible using both major approaches: high-throughput culture (culturomics) and modern molecular analyses. The renewal of culture, illustrated by culturomics, has proposed for 5 years to study the digestive microbiota using high-throughput culture techniques with identification by matrix-assisted desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) or by sequencing the 16S gene for unidentified colonies [20] . By applying culturomics in a study of gorilla faecal samples, 147 bacterial species have been identified, including five new species [21] . Many opportunistic pathogens have been observed. In addition, molecular analyses identified 87 eukaryotic species with 52 fungi, ten protozoa, four nematodes and 21 plant species. We have also reported the presence of pathogenic fungi and parasites [22] . Several new microbial species have been discovered in gorilla faeces, which were cultured and genetically characterized [23] [24] [25] . This demonstrates the complementarity of culture and molecular methods.
The role of diet in primate evolution has not yet been extensively explored. Faeces analysis helps us better understand the diet of NHPs. In our lab, insects have been found in stool samples of gorillas using molecular analysis [26] . We therefore suspect that they ate insects. In Saudi Arabia, the human microbiota and that of monkeys have been compared using 16S rDNA sequencing [27] . The gut microbiome of baboons was more like that of Bedouins than that of urban Saudis, probably due the dietary overlap between baboons and Bedouins.
Metagenomics revolutionized our vision of the microbiome diversity and contributes to elucidate the role of these microorganisms in different diseases [20] . Consequently, using the faeces of NHPs is a reasonable strategy for studying the diversity of the repertoire of viruses and bacteria in wildlife. On the basis of our samples, two successful studies were performed by our laboratory by using metagenomics. Firstly, a large proportion of novel variants of double-stranded RNA viruses (genus Picobirnaviruses) were detected in the stools of wild gorillas [28] . Secondly, our comparative studies of the viromes from the stools of green monkeys (Clorocebus sabeus), baboons (Papio papio) and howler monkeys (Alouatta macconnelli) revealed the heterogeneity of the viromes dominated by bacteriophages for baboons and howler monkey, contrary to the viromes of green monkeys, which contained a majority of eukaryotic viruses of the family Circoviridae (C. Desnues, personal communication). Taken together, our results highlighted the need for virologic surveillance against potential emerging zoonotic viruses.
MALDI-TOF MS is an emerging tool that has dramatically changed the practical use and availability of mass spectrometry methods. It has already been used for identification of bacterial, archaeal and fungal isolates, arthropod species, eukaryotic tissues and many others [29, 30] . In our laboratory, we successfully tested MALDI-TOF MS with stool samples and found that the spectra of such specimens collected from different NHP species were quite specific. Consequently, the origin of the stool sample was identified (D. Raoult and N. Dione, personal communication). This approach is fast, easy and cheap compared to all other methods for the identification of the origin of stool samples collected in the environment.
Conclusion
The IHU continues to study NHPs, and specifically their role in harbouring potential emerging pathogens, which could affect both humans and animals. As soon as there was undeniable evidence that habitat loss, hunting and the continued presence of humans had a negative effect on the biology and behaviour of almost all NHPs, noninvasive methods such as the study of stool samples (e.g. pathogens detection, microbiota studies) became of the utmost importance.
By taking into consideration the great genetic and morphologic similarities between primates and humans, much information obtained from primates may be applied to humans, and vice versa. Moreover, primates might potentially become a source of a future emerging epidemic of zoonotic origin, as has already been seen with HIV, malaria and monkeypox.
